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In this work, we investigate the axion-like particle (ALP)-photon oscillation effect in the spectra
of the blazar Markarian 421 (Mrk 421) using 4.5 years of the ARGO-YBJ and Fermi-LAT data.
These data are collected during the common operation time, which cover ten activity phases of Mrk
421. No significant ALP-photon oscillation effect is confirmed. Only the observations of three phases
can be individually used to set the 95% C.L. constraint on the ALP parameter space. However,
the constraint can be significantly improved if the analyses for the observations of ten phases are
combined. We find that the Mrk 421 observations of ARGO-YBJ and Fermi-LAT have excluded
the ALP parameter region with the ALP-photon coupling of gaγ & 3 × 10−11 GeV−1 for the ALP
mass of ∼ 3× 10−10 eV . ma . 2× 10−8 eV.
I. INTRODUCTION
Axion was introduced by Peccei and Quinn in 1977
to solve the strong CP problem in Quantum chromody-
namics (QCD) [1–4]. The QCD axion can be described as
the pseudo Nambu-Goldstone boson of a spontaneously
broken U(1)A symmetry, also called PQ symmetry [5].
Apart from the canonical QCD axion, various axion-like
particles (ALPs) have also been proposed in the new
physics model beyond the standard model, such as string
models [6–8]. The ALP mass ma and the coupling con-
stant with photons gaγ are taken to be two independent
parameters in the research. This is different from the
scenario of the QCD axion, where these two parameters
are related to each other. If ALPs are produced non-
thermally in the early Universe, they may account for all
or a significant fraction of the cold dark matter [9–13].
ALPs could be detected through its coupling to pho-
tons in the magnetic field in the laboratory [14–16], such
as CAST [17, 18], PVLAS [19, 20], OSQAR [21, 22], and
ABRACADABRA [23, 24]. The coupling between the
ALP and photons would also lead to ALP-photon oscil-
lation for the high energy γ-ray sources which are far from
the Earth and would modify their γ-ray energy spectra
[16]. This effect could lead to observable modifications
in the γ-ray telescopes [25]. Many works have been per-
formed to study this effect for many astrophysical sources
and set constraints on the ALP parameter space [25–46].
In this work, we focus on the very high energy (VHE)
γ-ray observations of the blazar Mrk 421, which is one of
the most widely studied and brightest sources in the ex-
tragalactic TeV sky with the redshift of z = 0.031. It was
firstly detected at VHE by the Whipple Observatory in
1992 [47] and has been well detected with many imaging
atmospheric Cherenkov telescopes (IACTs). Mrk 421 is
classified as a high synchrotron-peaked BL Lac object [48]
and is a very active blazar with major outbursts, which
are composed of many short flares in both the X-ray and
γ-ray regions.
Thanks to the results of Astrophysical Radiation
with Ground-based Observatory at YangBaJing (ARGO-
YBJ) and Fermi Large Area Telescope (Fermi -LAT), the
high energy component of the spectral energy distribu-
tion of Mrk 421 has been completely covered in the γ-ray
band from 0.1 GeV to 10 TeV. Ref. [49] reported the 4.5-
years multi-wavelength data recorded from August 2008
to February 2013. This period contains the ten steady
and flaring phases of Mrk 421. In this work, we con-
sider the effect of the ALP-photon oscillation in the high
energy γ-ray spectra of Mrk 421 with these ten phases
and combine the results of all the phases together to set
constraint on the ALP parameter space.
This paper is organized as follows. In Section II,
we introduce the propagation of high energy γ-ray with
the ALP-photon oscillation in three parts, including the
inter-cluster region, extragalactic space and Milky Way
region. In Section III, we describe the observation data
of Mrk 421 by ARGO-YBJ and Fermi -LAT in common
operation time used in this work. In Section IV, we intro-
duce the data fitting and statistical methods. In Section
V, we give the constraints on the ALP parameter space
from the Mrk 421 observations. The conclusion is given
in Section VI.
II. PROPAGATION OF THE ALP-PHOTON
SYSTEM
The ALP-photon oscillation effect occurring in the
magnetic field would modify the γ-ray energy spectra of
astrophysical sources, which are far from the Earth [25].
The ALP-photon coupling is described by the following
Lagrangian [16]
Laγ = −1
4
gaγaFµν F˜
µν = gaγaE ·B, (1)
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2where gaγ is the coupling constant, a is the ALP field,
Fµν is the electromagnetic field tensor, F˜
µν is the dual
tensor, and E and B are the electric and magnetic fields,
respectively. The ALP and photon are interconvertible
in the external magnetic field and could be described by
the ALP-photon beam [50]
Ψ = (A1, A2, a)
T
, (2)
where A1 and A2 represent the photon transverse polar-
ization states in the directions of x1 and x2 which are
perpendicular to the propagation direction x3, respec-
tively.
The density matrix of the ALP-photon system is given
by
ρ = Ψ⊗Ψ†. (3)
After oscillation in many consecutive magnetic domains,
the final density matrix of the ALP-photon system is
ρ (s) = T (s) ρ (0)T † (s) , (4)
where T (s) is the whole transfer matrix for the propaga-
tion distance s. The initial beam state ρ(0) is assumed
to be
ρ(0) =
1
2
diag (1, 1, 0) . (5)
The final survival probability of the photon in the ALP-
photon system is given by [30, 50]
Pγγ = Tr
(
(ρ11 + ρ22)T (s) ρ (0)T
† (s)
)
, (6)
with
ρ (s)11 = diag (1, 0, 0) , ρ (s)22 = diag (0, 1, 0) . (7)
The ALP-photon oscillation behavior would become the
most significant near the critical energy [25]
Ecrit =
|m2a − ω2pl|
2gaγB
' 2.5 GeV |m2neV − 1.4× 10−3 ncm−3 |g−111 B−1µG,
(8)
where ma is the ALP mass, ωpl is the plasma frequency,
B is the external magnetic field, and n is the electron
density.
In order to obtain the transfer matrix for the ALP-
photon system, the propagation process of the system is
divided into three parts, including the propagations in
the inter-cluster region, the extragalactic space, and the
Milky Way region [25, 30].
Firstly, we consider the ALP-photon oscillation ef-
fect in the inter-cluster magnetic field (ICMF) near the
source. There are no precise observations for the ICMF
near the source Mrk 421. The regular magnetic field
strength of the galaxy cluster ranges from 1 to 10 µG
[51]. Following Ref. [30], here the ICMF is assumed to
be a divergence-free homogeneous and isotropic Gaussian
TABLE I. The benchmark values of the ICMF model near the
source Mrk 421.
Parameter Value
σB(µG) 3.0
η 0.5
rcore(kpc) 200
rmax(kpc) 350
β 2/3
q -11/3
kL(kpc
−1) 0.1pi
kH(kpc
−1) 4pi
turbulent magnetic field with mean value zero and vari-
ance σB . The radial profile of the magnetic field strength
is
BICMF (r) = B0
(
nel (r)
nel (r = 0)
)η
, (9)
with 0.5 < η < 1, where nel is the modified model for the
electron density distribution
nel (r) = n0
(
1 +
r
rcore
)− 32β
, (10)
with parameters n0 = 10
−3 cm−3, rcore = 200 kpc, and
β = 2/3. In the region with r > rmax the magnetic field
is set to be zero. The power spectrum of the turbulence
is assumed to follow a power law M(k) ∝ kq in wave
numbers between kL ≤ k ≤ kH . The benchmark values
of the ICMF model for Mrk 421 used here are summarized
in Table I. More details about this ICMF model can be
found in [30].
The upper limit of the extragalactic magnetic field on
the largest cosmological scale is O(1) nG [52]. Its actual
value is not clear and would be much lower than this up-
per limit [37, 53]. In this work, we do not consider the
effect of this magnetic field for the ALP-photon system
propagation in the extragalactic space and only focus on
the attenuation effect induced by the extragalactic back-
ground light (EBL) due to the pair production process
γ+ γBG → e+ + e−. This attenuation effect can be char-
acterized by the factor of e−τ with the optical depth [54]
τ =
∫ z0
0
dz
(1 + z)H (z)
∫ ∞
Eth
dω
dn
dω
σ¯ (Eγ , ω, z) , (11)
where Eth is the threshold energy, σ¯ is the integral cross
section of the pair production, and dn/dω is the proper
number density of the EBL at redshift of z. The EBL
model used here is taken from Ref. [54] and is shown in
Figure 1.
For the propagation of the ALP-photon system in the
Milky Way region, we consider the ALP-photon oscilla-
tion effect in the Galactic magnetic field. Here we neglect
the random component on the small scale and take the
regular component of the Galactic magnetic field on the
large scale from Ref. [60].
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FIG. 1. The cosmic infrared background spectrum (dashed
line) from the multi-wavelength reference model with the
galaxy evolution effect in Ref. [54]. The observed data from
Ref. [55–59] are also shown.
III. GAMMA-RAY DATA OF MRK 421 FROM
ARGO-YBJ AND FERMI -LAT
The ARGO-YBJ [61] detector, located at Yangbajing
Cosmic Ray Observatory (Tibet, P.R. China, 90.5◦ east,
30.1◦ north), is an air shower array exploiting the full
coverage approach at very high altitude, with the aim
of studying the VHE γ-ray astronomy and cosmic-ray
physics.
In Ref. [49], the ARGO-YBJ collaboration reported
the spectral variation of Mrk 421 at different wavebands
and divided the whole observation period into ten phases
according to the large X-ray and GeV γ-ray flares. The
γ-ray spectra of Mrk 421 at lower energies in the common
operation time from Fermi -LAT [62] are also analysed in
Ref. [49]. The analysis is performed with the standard
ScienceTool and the corresponding threads provided by
Fermi -LAT.
The ten phases of the ARGO-YBJ observation for Mrk
421 [49] are described as follows. Mrk 421 showed a low
activity at all wavebands from August 2008 to June 2009.
This is marked as Steady 1 (S1) phase. Then the source
entered a long lasted outburst phase from June 2009 to
June 2010, which is denoted as Outburst (OB) phase.
During this active phase, three large flares Flare 1 (F1),
Flare 2 (F2), and Flare 3 (F3) were clearly detected.
After May 2010, Mrk 421 entered a low steady phase
until October 6. This phase lasted about one month and
is marked as Flare 4 (F4) phase.
Then Mrk 421 came to a long and steady phase (S2)
from November 2010 to June 2012, which lasted about
1.6 years. The embedded strong flare denoted as Flare 5
(F5) phase, which occurred in September 2011 and lasted
7 days, has been separated from the phase S2. In the
whole year of 2012, the flux of γ-ray measured by ARGO-
YBJ [63] and Fermi -LAT [64] reached a high level from
2012 July 9 to September 17. Two peaks are marked as
Flare 6 (F6, from 2012 July 9 to 21) phase and Flare 7
(F7, from 2012 July 22 to September 16) phase.
IV. DATA FITTING AND STATISTICAL
METHODS
In order to fit the experimental data from ARGO-YBJ
and Fermi -LAT under the null hypothesis, the form of
the initial energy spectrum of Mrk 421 is taken to be a
modified broken power law (BPL)
Φ (E) = N0E
−Γ1
[
1 +
(
E
Ebreak
)fi]Γ1−Γ2fi
, (12)
where fi is taken to be 100, N0, Γ1, Γ2, and Ebreak are
treated as free parameters. The χ2 value under the null
hypothesis without ALP is
χ2w/oALP =
N∑
i=1
(
Φw/oALP (Ei)− φ˜i
)2
δ2i
, (13)
where N is the point number, Φw/oALP(Ei) is the ex-
pected energy flux, Ei is the central energy of a energy
bin, φ˜i is the observed flux, and δi is the correspond-
ing uncertainty of observation. We also test other forms
of the initial spectrum including the power law and the
logarithmic parabola function. We find that the best-fit
χ2 under the null hypothesis of the modified BPL is the
smallest.
Considering the modification of the energy spectrum
induced by ALP, the expected γ-ray energy spectrum
under the ALP hypothesis is determined by the survival
probability of photon Pγγ in Equation 6
ΦwALP (E) = PγγΦw/oALP (E) . (14)
We also take into account the energy resolution of the
experiments in the analysis. The energy resolutions of
ARGO-YBJ and Fermi -LAT are adopted to be 13% [65]
and 15% 1, respectively.
Considering the energy dispersion function D(E′, E)
[45], the final expected energy spectrum [38] can be de-
rived as
Φ′wALP (E) = D (E
′, E) ΦwALP (E) . (15)
Then the χ2 value under the ALP hypothesis can be de-
scribed by
χ2wALP =
N∑
i=1
(
Φ′wALP (Ei)− φ˜i
)2
δ2i
. (16)
1 https://fermi.gsfc.nasa.gov/ssc/data/analysis/
documentation/Cicerone/Cicerone_Introduction/LAT_
overview.html
4Since the detailed ICMF configuration is unclear, we
randomly generate 100 sets of the ICMF configurations
in order to take into account the related uncertainty. Fol-
lowing Ref. [44], for the given parameter set of ma and
gaγ , we fit the Mrk 421 data for each ICMF configuration
and calculate the distribution of χ2 for all configurations.
The result with χ2 corresponding to the 95% confidence
level (C.L.) threshold of the distribution is adopted. Re-
peating this procedure, we can obtain χ2wALP under the
ALP hypothesis in the whole ma − gaγ plane.
In order to set the constraint on the ALP parameter
space, we define the threshold value χ2th as
χ2th = χ
2
min + ∆χ
2, (17)
with the minimum best-fit χ2min in the ma − gaγ plane
and the ∆χ2 corresponding to 95% C.L.. Due to the
non-linear dependence of the spectral irregularities on
the ALP parameters and possible systematics in the ob-
servations, we derive the value of ∆χ2 from the Monte
Carlo simulation [44].
We generate 400 sets of the observed γ-ray spectra
of Mrk 421 in the pseudo-experiments that are realized
by Gaussian samplings. For each set of the simulated
spectrum, we can derive the best-fit χ2 for both the null
hypothesis χ̂2null and the ALP hypothesis χ̂
2
ALP. For each
Monte Carlo data set, we have the test statistic (TS)
value
TS = χ̂2null − χ̂2ALP. (18)
Then we obtain the TS distribution under the null hy-
pothesis for all data sets that obeys the non-central χ2
distribution. The ∆χ2 corresponding to the certain con-
fidence level can be derived from the TS distribution
with the effective degree of freedom (d.o.f.) and the non-
centrality λ. Finally, we assume that the probability dis-
tribution under the alternative hypothesis with ALP is
approximated with the distribution under the null hy-
pothesis and use the value of ∆χ2 derived above to set
the constraint on the ALP parameter space [44].
TABLE II. The best-fit values of χ2w/oALP in the ten phases
under the null hypothesis.
Phase data point number χ2w/oALP
S1 16 15.67
S2 16 15.03
OB 16 18.20
F1 7 1.56
F2 9 2.33
F3 9 6.32
F4 11 2.46
F5 7 6.89
F6 11 7.24
F7 15 5.39
TABLE III. The minimum best-fit values of χ2min in the ten
phases under the ALP hypothesis. The effective d.o.f. of the
TS distribution and the values of ∆χ2 corresponding to 95%
C.L. are listed. The combined results for the ten phases are
also shown. The values of the ICMF parameters are given by
Table I.
Phase χ2min effective d.o.f. ∆χ
2
S1 14.77 4.27 9.95
S2 4.08 4.12 9.71
OB 15.69 4.23 9.88
F1 1.01 1.87 5.77
F2 1.19 2.87 7.61
F3 2.56 3.04 7.91
F4 1.63 3.46 8.62
F5 4.74 2.24 6.48
F6 3.30 3.71 9.04
F7 1.84 4.10 9.67
combined 74.37 7.44 14.90
V. RESULTS
In this section, we set constraints on the ALP parame-
ter space using the data of ARGO-YBJ and Fermi -LAT
in the ten phases. The best-fit values of χ2w/oALP under
the null hypothesis are listed in Table II. The values of
χ2w/oALP/d.o.f. in the ten phases are around the average
value 1.05. Only the χ2w/oALP/d.o.f. in the phase F5 is
large as 2.30. In Figure 2, we also give the best-fit γ-
ray spectra for the phases of S1, S2, OB and F7 under
the null and ALP hypotheses. We can see that the null
hypothesis can well fit the ARGO-YBJ and Fermi -LAT
data.
The distributions of χ2wALP under the ALP hypoth-
esis in the ten phases are shown in Figure 3 with the
benchmark values of the ICMF parameters. The mini-
mum best-fit values of χ2min in the ma−gaγ plane for the
ten phases are listed in Table III. We notice that the χ2
value of the phase S2 decreases from 15.03 to 4.08 when
the the ALP-photon oscillation effect is introduced. This
result is very different from the results of other phases,
such as the phases S1 and OB.
Then we can derive the TS distributions for the ten
phases. We find that the non-centralities of all the TS
distributions are about 0.01. The effective d.o.f. of the
distributions and the threshold values of ∆χ2 correspond-
ing to 95% C.L. are listed in Table III. In Figure 4, we
plot the TS distributions for the phases S1 and S2. The
red lines represent the fitted non-central χ2 distributions
with the effective d.o.f. of 4.27 and 4.12 for the phases S1
and S2, respectively. The green lines represent the cu-
mulative distribution functions (CDF) of the TS distri-
butions. Using these functions, we can derive the values
of ∆χ2 corresponding to the 95% C.L. threshold as 9.95
and 9.71 for the phases S1 and S2, respectively.
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FIG. 2. The best-fit γ-ray spectra of Mrk 421 in the phases S1 (top left), S2 (top right), OB (bottom left), and F7 (bottom
right). The black lines represent the spectra under the null hypothesis with χ2w/oALP = 15.67, 15.03, 18.20, and 5.39 in the four
phases. The green lines represent the spectra under the ALP hypothesis with χ2min = 14.77, 4.08, 15.69, and 1.84 in the four
phases. The parameters of the ICMF model are given by Table I. The experimental data are from ARGO-YBJ and Fermi-LAT
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FIG. 3. The distributions of χ2wALP in the ma − gaγ plane for the ten phases of Mrk 421. The parameters of the ICMF
model are given by Table I. The red contours represent the excluded regions at 95% C.L. in the phases S1, OB, and F7. The
yellow contour represents the parameter region where the fit can be improved under the ALP hypothesis in the phase S2. The
horizontal line represents the upper bound on gaγ set by CAST [18] of gaγ > 6.6× 10−11 GeV−1.
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FIG. 4. The TS distributions of the phase S1 (top left), the phase S2 (bottom left), and the combined phases (top right)
with the ICMF parameters given by Table I. The TS distribution of the combined phases with σB = 10 µG (bottom right)
is also shown. The red lines represent the fitted non-central χ2 distributions. The green lines represent the CDF of the TS
distributions.
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FIG. 5. The χ2wALP distribution of the combined phases with the ICMF parameters given by Table I. The red contour represents
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FIG. 6. The excluded regions at 95% C.L. set by the Mrk 421
observations of ARGO-YBJ and Fermi-LAT. The red and
brown contours represent the results derived with the ICMF
parameter σB = 3 µG and σB = 10 µG, respectively. Other
ICMF parameters are listed in Table I. For comparison, the
constraints set by CAST [18], the NGC 1275 observation of
H.E.S.S. [43], and the PKS 2155-304 observation of Fermi-
LAT [44] are shown. We also show the constraint set by the
PG 1553+113 observations using the data from H.E.S.S. II
and Fermi-LAT [45].
With the values of ∆χ2 for all the phases, the con-
straints on the ALP parameter space at 95% C.L. are
shown in Figure 3. It can be seen that the data sets of
the ten phases set very different constraints. Only using
the data of the phases S1, OB and F7, we could find some
excluded parameter regions at 95% C.L.. For the phases
F1 to F6, we could not set the 95% C.L. constraint in the
ma − gaγ plane. This is because that the observations in
these phases provide too few data points [49].
The implication for the phase S2 is different from the
other phases. We find that the data in the phase S2 favor
the ALP hypothesis. In Figure 3, the ALP parameter
points within the yellow contour for the phase S2 can
improve the fit to the data, compared with the result
under the null hypothesis. This also can be seen from the
small values of χ2min and χ
2
th under the ALP hypothesis
for the phase S2 shown in Table III.
In order to make a reliable implication, we combined
the results in the ten phases together. The ICMF con-
figuration during all the phases is assumed to be steady.
The combined χ2wALP distribution in the ma − gaγ plane
and the TS distribution are shown in Figure 5 and 4,
respectively. The red contour in Figure 5 represents
the upper limit at 95% C.L.. Compared with the limit
set by CAST [18] about gaγ > 6.6 × 10−11 GeV−1,
the limit set by the observations of Mrk 21 excludes
the ALP parameter regions with the ALP-photon cou-
pling of gaγ & 3 × 10−11 GeV−1 for the ALP mass of
∼ 3× 10−10 eV . ma . 2× 10−8 eV and a small region
for ma ' 2× 10−7 eV below the CAST limit.
For comparison, we also show the constraints from the
NGC 1275 observation of H.E.S.S. [43] and the PKS 2155-
304 observation of Fermi -LAT [44] in Figure 6. The com-
bined limit from the Mrk 421 observations obtained here
extends the excluded region to gaγ & 3.5× 10−11 GeV−1
for ∼ 1.5×10−10 eV . ma . 3×10−9 eV. This constraint
is also stricter than that derived from the observation
data of PG 1553+113 [45].
TABLE IV. The same as Table III, but for σB = 10 µG.
Phase χ2min effective d.o.f. ∆χ
2
S1 14.80 4.30 9.99
S2 4.03 4.13 9.72
OB 16.29 4.48 10.28
F1 0.98 2.10 6.21
F2 1.14 2.72 7.35
F3 2.24 2.94 7.74
F4 1.56 3.43 8.57
F5 4.93 2.34 6.66
F6 3.40 3.79 9.17
F7 1.61 4.19 9.82
combined 74.71 7.62 15.16
The main uncertainty of this analysis is from the
model of ICMF. The typical magnetic field strength of
the galaxy cluster ranges from 1 to 10 µG [51]. In the
ICMF model with the Gaussian turbulent field used in
this work, the magnetic field strength depends on several
parameters including σB , η, rmax, q, kL, and kH . Among
these parameters, the variance of the Gaussian turbulent
field σB directly characterizes the magnetic field strength
and significantly affects the ALP-photon oscillation ef-
fect. In the above analysis, σB is taken to be 3 µG. For
comparison, we also perform an analysis for a larger σB
of 10 µG. The χ2wALP distributions in the ten phases
and the combined result are shown in Figure 7 and 8,
respectively. The effective d.o.f. of the TS distributions
and the threshold values of ∆χ2 corresponding to 95%
C.L. are listed in Table IV. We also show the combined
constraint at 95% C.L. in Figure 6 and find a larger ex-
cluded region compared with the case of σB = 3µG. It
can be seen that compared with the constraints set by
other observations, the parameter region with the ALP-
photon coupling of gaγ & 1.8×10−11 GeV−1 for the ALP
mass of ∼ 8.4 × 10−8 eV . ma . 5 × 10−7 eV has been
almost excluded.
In order to study the uncertainties from the ICMF
model, we also show the combined constraints on the
ALP parameter space for different values of the ICMF
parameters σB , η, rmax, q, kL, and kH in Figure 9. In
each panel, we only change one parameter and fix the
values of the other parameters listed in Table I. It can be
seen that the constraints dominantly depend on σB and
kH , while the other parameters do not significantly affect
the results. The constraints would become stringent for
large σB and small kH .
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FIG. 7. The same as Figure 3, but for σB = 10 µG.
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FIG. 8. The same as Figure 5, but for σB = 10 µG.
VI. CONCLUSION
In this work, we investigate the ALP-photon oscilla-
tion effect in the spectra of the blazar Mrk 421 measured
by ARGO-YBJ and Fermi -LAT during the common op-
eration time, which cover ten activity phases of Mrk 421.
We find that no significant ALP-photon oscillation effect
is confirmed. However, only the observations of three
phases can be individually used to set the constraint at
95% C.L. on the ALP parameter space.
The constraint becomes stricter when the analyses
for the data of the ten phases are combined. Com-
pared with the limits set by the NGC 1275 observation
of H.E.S.S. [43] and the PKS 2155-304 observation of
Fermi -LAT [44], for σB = 3 µG, the Mrk 421 obser-
vations can exclude the ALP-photon coupling of gaγ &
3.5 × 10−11 GeV−1 for the ALP mass of ∼ 1.5 × 10−10
eV . ma . 3 × 10−9 eV. A small parameter region
for ma ' 2 × 10−7 below the CAST [18] limit can also
be excluded. For σB = 10 µG, a new excluded region
with gaγ & 1.8 × 10−11 GeV−1 for ∼ 8.4 × 10−8 eV
. ma . 5× 10−7 eV is obtained.
In the future, the forthcoming VHE γ-ray observations,
such as CTA [66] and LHAASO [67] will collect more data
for the high energy γ-ray sources at large distances from
the Earth with high precision. Using these results, it is
possible to set the more stringent constraints on the ALP
parameter space.
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